Physiological Responses of Coral Symbiont to Changes of UV radiation and CO2 concentrations by 周洁
 学校编码：10384                                        分类号  密级    
学号：22320130153789                                           UDC    
 
 
 
 
 
 
 
 
 
博  士  学  位  论  文 
   
 
珊瑚共生体对 UV 辐射与 CO2浓度变化 
的生理学响应 
Physiological Responses of Coral Symbiont to Changes of 
UV radiation and CO2 concentrations 
  
 
周洁 
 
指导教师姓名：高坤山 教授 
专  业 名 称：海洋生物学 
论文提交日期：2016年 11月 
论文答辩时间：2016年 11月 
学位授予日期：2016年    
  
答辩委员会主席：   
评阅人：   
 
2016 年 11 月 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
 
 
 
厦门大学学位论文原创性声明 
 
本人呈交的学位论文是本人在导师指导下,独立完成的研究成果。
本人在论文写作中参考其他个人或集体已经发表的研究成果，均在文
中以适当方式明确标明，并符合法律规范和《厦门大学研究生学术活
动规范（试行）》。 
另外，该学位论文为（高坤山 教授）课题（组）的研究成果，获
得（高坤山 教授）课题（组）经费或实验室的资助，在（海洋环境变
化生理学）实验室完成。（请在以上括号内填写课题或课题组负责人
或实验室名称，未有此项声明内容的，可以不作特别声明。） 
 
声明人（签名）： 
 
          年   月   日 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
 
 
 
厦门大学学位论文著作权使用声明 
 
本人同意厦门大学根据《中华人民共和国学位条例暂行实施办法》
等规定保留和使用此学位论文，并向主管部门或其指定机构送交学位
论文（包括纸质版和电子版），允许学位论文进入厦门大学图书馆及
其数据库被查阅、借阅。本人同意厦门大学将学位论文加入全国博士、
硕士学位论文共建单位数据库进行检索，将学位论文的标题和摘要汇
编出版，采用影印、缩印或者其它方式合理复制学位论文。 
本学位论文属于： 
（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 
（  √ ）2.不保密，适用上述授权。 
（请在以上相应括号内打“√”或填上相应内容。保密学位论文
应是已经厦门大学保密委员会审定过的学位论文，未经厦门大学保密
委员会审定的学位论文均为公开学位论文。此声明栏不填写的，默认
为公开学位论文，均适用上述授权。） 
 
 
                             声明人（签名）： 
年   月   日 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
 
 
目录 
摘要 ............................................................................................................. I 
Abstract ................................................................................................... IV 
缩略词（Abbrevations） .....................................................................VII 
第一章 文献综述与研究意义 .................................................................. 1 
1.1 珊瑚及其共生藻的生物学研究进展 ............................................................. 1 
1.1.1 共生藻（Symbiodinium sp.）的生物学特性 ........................................... 1 
1.1.2 珊瑚与共生藻间共生关系的建立 ........................................................... 3 
1.1.3 珊瑚与共生藻间的共生 ........................................................................... 4 
1.1.4 珊瑚共生体的碳浓缩机制 ....................................................................... 6 
1.2 环境因子对珊瑚共生体的影响 ..................................................................... 8 
1.2.1 温度对珊瑚共生体的影响 ....................................................................... 9 
1.2.2 紫外辐射对珊瑚共生体的影响 ............................................................. 10 
1.2.3 海洋酸化对珊瑚共生体的影响 ............................................................. 12 
1.3 研究方法 ....................................................................................................... 17 
1.3.1 紫外辐射效应的研究方法 ..................................................................... 17 
1.3.2 海洋酸化效应的研究方法 ..................................................................... 18 
1.3.2.1 自然海区的监测 ............................................................................... 20 
1.3.2.2 控制培养体系 ................................................................................... 21 
1.4 研究目的与意义 ........................................................................................... 22 
第二章 紫外辐射对珊瑚共生藻日释放量的影响 ................................24 
2.1 前言................................................................................................................ 24 
2.2 材料与方法 ................................................................................................... 25 
2.2.1 珊瑚采集 ................................................................................................. 25 
2.2.2 紫外辐射处理 ......................................................................................... 25 
2.2.3 实验设计 ................................................................................................. 26 
2.2.4 光化学效率的测定 ................................................................................. 27 
2.2.5 共生藻释放速率的测定 ......................................................................... 27 
2.2.6 珊瑚样品中共生藻密度与色素浓度的测定 ......................................... 27 
2.2.7 色素含量与紫外吸收物质（UVACs）的测定 ..................................... 28 
2.2.8 数据分析 ................................................................................................. 29 
2.3 结果................................................................................................................ 29 
2.3.1 共生藻光化学效率的日变化 ................................................................. 29 
2.3.2 珊瑚共生藻的日间释放模式 ................................................................. 31 
2.3.3 色素的日间释放模式 ............................................................................. 31 
厦
门
大
学
博
硕
士
论
文
摘
要
库
珊瑚共生体对 UV 辐射与 CO2浓度变化的生理学响应 
 
 
2.3.4 珊瑚共生藻在日间的总释放量 ............................................................. 31 
2.3.5 珊瑚样品中色素含量与共生藻密度 ..................................................... 34 
2.4 讨论................................................................................................................ 36 
第三章 紫外辐射对珊瑚幼体及其共生藻的影响 ................................38 
第一节 紫外辐射对鹿角杯形珊瑚（Pocillopora damicornis）幼体及其共生藻
的影响 ...................................................................................................................... 38 
3.1.1 前言 ......................................................................................................... 38 
3.1.2 材料与方法 ............................................................................................. 39 
3.1.2.1 珊瑚的采集及幼体收集 ................................................................... 39 
3.1.2.2 实验设计 ........................................................................................... 40 
3.1.2.3 珊瑚幼体成活率、附着率和变态率的测定 ................................... 43 
3.1.2.4 珊瑚幼体中色素含量与紫外吸收物质（UVACs）的测定 .......... 43 
3.1.2.5 珊瑚幼体中共生藻密度的测定 ....................................................... 44 
3.1.2.6 光合放氧和暗呼吸的测定 ............................................................... 44 
3.1.2.7 光化学效率的测定 ........................................................................... 45 
3.1.2.8 数据分析 ........................................................................................... 45 
3.1.3 结果 ......................................................................................................... 45 
3.1.3.1 鹿角杯形珊瑚（Pocillopora damicornis）幼体的生长发育 ........ 45 
3.1.3.2 鹿角杯形珊瑚（Pocillopora damicornis）幼体色素含量与共生藻
密度 ................................................................................................................ 47 
3.1.3.3 光合放氧与暗呼吸速率 ................................................................... 51 
3.1.4 讨论 ......................................................................................................... 53 
第二节 紫外辐射对浅杯排孔珊瑚（Seriatopora caliendrum）幼体及其共生藻
的影响 ...................................................................................................................... 56 
3.2.1 前言 ......................................................................................................... 56 
3.2.2 材料与方法 ............................................................................................. 56 
3.2.2.1 珊瑚的采集及幼体收集 ................................................................... 57 
3.2.2.2 实验设计 ........................................................................................... 57 
3.2.2.3 珊瑚幼体成活率、附着率和变态率的测定 ................................... 59 
3.2.2.4 珊瑚幼体中色素含量与紫外吸收物质（UVACs）的测定 .......... 59 
3.2.2.5 珊瑚幼体中共生藻密度的测定 ....................................................... 59 
3.2.2.6 光合放氧和暗呼吸的测定 ............................................................... 59 
3.2.2.7 光化学效率的测定 ........................................................................... 59 
3.2.2.8 数据分析 ........................................................................................... 59 
3.2.3 结果 ......................................................................................................... 60 
3.2.3.1 浅杯排孔珊瑚（Seriatopora caliendrum）幼体的生长发育 ........ 60 
3.2.3.2 浅杯排孔珊瑚（Seriatopora caliendrum）幼体色素含量与共生藻
密度 ................................................................................................................ 61 
3.2.3.3 光合放氧与暗呼吸速率 ................................................................... 63 
3.2.4 讨论 ......................................................................................................... 65 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
 
 
第四章 共生藻对 CO2昼降夜升的生理学响应 ...................................68 
4.1 前言................................................................................................................ 68 
4.2 材料与方法 ................................................................................................... 70 
4.2.1 藻种及培养条件 ..................................................................................... 70 
4.2.2 海水碳酸盐系统的调控 ......................................................................... 71 
4.2.3 比生长速率和细胞色素含量的测定 ..................................................... 71 
4.2.4 叶绿素荧光参数的测定 ......................................................................... 72 
4.2.5 无机碳亲和力的测定 ............................................................................. 73 
4.2.6 光合放氧和暗呼吸的测定 ..................................................................... 74 
4.2.7 胞内碳库的测定 ..................................................................................... 74 
4.2.8 数据分析 ................................................................................................. 75 
4.3 结果................................................................................................................ 76 
4.3.1 碳酸盐系统 ............................................................................................. 76 
4.3.2 对生长和细胞色素含量的影响 ............................................................. 77 
4.3.3 对光化学特性的影响 ............................................................................. 78 
4.3.4 对光合放氧和呼吸速率的影响 ............................................................. 80 
4.3.5 对无机碳亲和力和胞内碳库的影响 ..................................................... 81 
4.4 讨论................................................................................................................ 84 
第五章 共生藻对 CO2浓度升高与紫外辐射耦合效应的生理学响应
 ...................................................................................................................87 
5.1 前言................................................................................................................ 87 
5.2 材料与方法 ................................................................................................... 88 
5.2.1 藻种及培养条件 ..................................................................................... 88 
5.2.2 海水碳酸盐系统的调控 ......................................................................... 88 
5.2.3 紫外辐射处理 ......................................................................................... 89 
5.2.4 比生长速率和细胞色素含量的测定 ..................................................... 89 
5.2.5 叶绿素荧光参数的测定 ......................................................................... 89 
5.2.6 无机碳亲和力的测定 ............................................................................. 89 
5.2.7 呼吸速率的测定 ..................................................................................... 89 
5.2.8 数据分析 ................................................................................................. 89 
5.3 结果................................................................................................................ 90 
5.3.1 碳酸盐系统 ............................................................................................. 90 
5.3.2 不同 pCO2 处理下共生藻光化学效率对短期紫外辐射的响应 .......... 91 
5.3.3 对生长和细胞色素含量的影响 ............................................................. 95 
5.3.4 对光化学特性的影响 ............................................................................. 98 
5.3.5 对无机碳亲和力的影响 ....................................................................... 101 
5.3.6 对呼吸速率的影响 ............................................................................... 103 
5.4 讨论.............................................................................................................. 104 
厦
门
大
学
博
硕
士
论
文
摘
要
库
珊瑚共生体对 UV 辐射与 CO2浓度变化的生理学响应 
 
 
总结与创新点 ........................................................................................108 
参考文献................................................................................................. 111 
论文发表情况 ........................................................................................144 
致谢 .........................................................................................................145 
 
 
 
 
 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Table of Contents 
 
 
Table of Contents 
Abstract (In Chinese) ................................................................................ I 
Abstract (In English) ............................................................................. IV 
Abbreviations ........................................................................................VII 
Chapter 1 Introduction ............................................................................. 1 
1.1 Research progress on the biology of Coral-Dinoflagellate symbiosis ......... 1 
1.1.1 Biology of Symbiodinium sp. ..................................................................... 1 
1.1.2 Establishment of coral-algal symbiosis ...................................................... 3 
1.1.3 Cost-benefit analysis of the symbiosis ....................................................... 4 
1.1.4 Carbon concentrating mechanism (CCMs) ................................................ 6 
1.2 Environmental factors on Coral-Dinoflagellate symbiosis ......................... 8 
1.2.1 Temperature ................................................................................................ 9 
1.2.2 Ultraviolet radiation ................................................................................. 10 
1.2.3 Ocean acidification ................................................................................... 12 
1.3 Methodology .................................................................................................. 17 
1.3.1 Methods for studying UVR effects ........................................................... 17 
1.3.2 Methods for ocean acidification researches ............................................. 18 
1.4 Research objectives and scheme .................................................................. 22 
Chapter 2 Effect of UV radiation on Symbiodinium release in coral 
Pocillopora damicornis ............................................................................24 
2.1 Introduction ................................................................................................... 24 
2.2 Materials and Methods ................................................................................. 25 
2.2.1 Sampling of coral colony ......................................................................... 25 
2.2.2 UV radiation treatments ........................................................................... 25 
2.2.3 Experimental setup ................................................................................... 26 
2.2.4 Chlorophyll fluorescence measurements .................................................. 27 
2.2.5 Measurements of Symbiodinium release rate ........................................... 27 
2.2.6 Determination of Symbiodinium density and pigment content................. 27 
2.2.7 Determination of pigment and UVACs content ........................................ 28 
2.2.8 Statistical analysis .................................................................................... 29 
2.3 Results ............................................................................................................ 29 
2.3.1 Diurnal photosynthetic efficiency of Symbiodinium ................................ 30 
2.3.2 Day-time expulsion pattern of Symbiodinium .......................................... 31 
2.3.3 Day-time expulsion pattern of pigments .................................................. 31 
2.3.4 Total release amount of Symbiodinium ..................................................... 31 
2.3.5 Photosynthetic pigments and Symbiodinium densities in coral nubbins .. 34 
2.4 Discussion ....................................................................................................... 36 
Chapter 3 Incident ultraviolet irradiances influence on the coral 
厦
门
大
学
博
硕
士
论
文
摘
要
库
珊瑚共生体对 UV 辐射与 CO2浓度变化的生理学响应 
 
 
larva and its symbiotic algae ..................................................................38 
3.1 Effects of UV on the larval symbiont of coral Pocillopora damicornis ............ 38 
3.1.1 Introduction .............................................................................................. 38 
3.1.2 Materials and Methods ............................................................................. 39 
3.1.2.1 Colony sampling and coral larvae collection ..................................... 39 
3.1.2.2 Experimental setup ............................................................................. 40 
3.1.2.3 Mortality and development measurements ........................................ 43 
3.1.2.4 Determination of pigment and UVACs content ................................. 43 
3.1.2.5 Determination of Symbiodinium density ............................................ 44 
3.1.2.6 Determination of photosynthetic oxygen evolution and respiration .. 44 
3.1.2.7 Chlorophyll fluorescence measurements ........................................... 45 
3.1.2.8 Statistical analysis .............................................................................. 45 
3.1.3 Results ...................................................................................................... 45 
3.1.3.1 Development of coral larvae .............................................................. 45 
3.1.3.2 Pigment content and Symbiodinium density ...................................... 47 
3.1.3.3 Photosynthetic rate and respiration .................................................... 51 
3.1.4 Discussion ................................................................................................ 53 
3.2 Effects of UV on the larval symbiont of coral Seriatopora caliendrum ............ 56 
3.2.1 Introduction .............................................................................................. 56 
3.2.2 Materials and Methods ............................................................................. 56 
3.2.2.1 Colony sampling and coral larvae collection ..................................... 57 
3.2.2.2 Experimental setup ............................................................................. 57 
3.2.2.3 Mortality and development measurements ........................................ 59 
3.2.2.4 Determination of pigment and UVACs content ................................. 59 
3.2.2.5 Determination of Symbiodinium density ............................................ 59 
3.2.2.6 Determination of photosynthetic oxygen evolution and respiration .. 59 
3.2.2.7 Chlorophyll fluorescence measurements ........................................... 59 
3.2.2.8 Statistical analysis .............................................................................. 59 
3.2.3 Results ...................................................................................................... 60 
3.2.3.1 Development of coral larvae .............................................................. 60 
3.2.3.2 Pigment content and Symbiodinium density ...................................... 61 
3.2.3.3 Photosynthetic rate and respiration .................................................... 63 
3.2.4 Discussion ................................................................................................ 65 
Chapter 4 Physiological responses of Symbiodinium to diurnal 
oscillating pCO2 .......................................................................................68 
4.1 Introduction ................................................................................................... 68 
4.2 Materials and Methods ................................................................................. 70 
4.2.1 Species and culture conditions ................................................................. 70 
4.2.2 Perturbation of carbonate system ............................................................. 71 
4.2.3 Determination of growth and pigments .................................................... 71 
4.2.4 Chlorophyll fluorescence measurements .................................................. 72 
4.2.5 Determination of photosynthetic inorganic carbon affinity ..................... 73 
4.2.6 Determination of photosynthetic oxygen evolution and respiration ........ 74 
4.2.7 Determination of intracellular carbon concentration ................................ 74 
4.2.8 Statistical analysis .................................................................................... 75 
4.3 Results ............................................................................................................ 76 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Table of Contents 
 
 
4.3.1 Carbonate chemistry system ..................................................................... 76 
4.3.2 Growth and pigments ............................................................................... 77 
4.3.3 Chlorophyll fluorescence parameters ....................................................... 78 
4.3.4 Photosynthetic rate and respiration .......................................................... 80 
4.3.5 Photosynthetic inorganic carbon affinity and intracelluar carbon 
concetration ....................................................................................................... 81 
4.4 Discussion ....................................................................................................... 84 
Chapter 5 Combined effects of ocean acidification and UVR ............87 
5.1 Introduction ................................................................................................... 87 
5.2 Materials and Methods ................................................................................. 88 
5.2.1 Species and culture conditions ................................................................. 88 
5.2.2 Perturbation of carbonate system ............................................................. 88 
5.2.3 UV radiation treatments ........................................................................... 89 
5.2.4 Determination of growth and pigments .................................................... 89 
5.2.5 Chlorophyll fluorescence measurements .................................................. 89 
5.2.6 Determination of photosynthetic inorganic carbon affinity ..................... 89 
5.2.7 Determination of respiration .................................................................... 89 
5.2.8 Statistical analysis .................................................................................... 89 
5.3 Results ............................................................................................................ 90 
5.3.1 Carbonate chemistry system ..................................................................... 90 
5.3.2 Chlorophyll fluorescence parameters during UVR exposure ................... 91 
5.3.3 Growth and pigments ............................................................................... 95 
5.3.4 Chlorophyll fluorescence parameters upon UVR exposure ..................... 98 
5.3.5 Photosynthetic inorganic carbon affinity ................................................ 101 
5.3.6 Dark respiration ...................................................................................... 103 
5.4 Discussion ..................................................................................................... 104 
Conclusion and innovation ...................................................................108 
References .............................................................................................. 111 
Publications ...........................................................................................144 
Acknowledgements ...............................................................................145 
 
 
 
 
 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
厦
门
大
学
博
硕
士
论
文
摘
要
库
摘要 
I 
 
摘要 
大气 CO2 浓度升高导致了全球变暖与海洋酸化，并引起海水中有色可溶性
有机物减少，使得海水透明度增加，提高了进入水体的紫外辐射（UVR，280－
400 nm）水平，从而对浅水珊瑚礁生态系统的各种生物过程造成影响。另一方面，
海洋酸化及环境中 pH/CO2 的扰动，也会影响珊瑚及其与藻类的共生关系。本博
士论文，以鹿角杯形珊瑚（Pocillopora damicornis）为研究对象，探讨了 UV 辐
射对其共生藻日释放量的影响；同时，研究了鹿角杯形珊瑚和浅杯排孔珊瑚
（Seriatopora caliendrum）浮浪幼体对阳光 UV 辐射变化的响应。在此基础上，
揭示了 UV 辐射对浮浪幼体及其共生藻的影响。另外，还研究了一种系群 D 共
生藻（CCMP2556）对海水中 pCO2 昼降夜升的生理学响应，并探讨了 pCO2 升高
与 UVR 对其的复合效应。主要的结果如下：   
1. 阳光辐射变化影响鹿角杯形珊瑚释放共生藻的量。UV 辐射显著降低了鹿角
杯形珊瑚色素（包括叶绿素 a 和类胡萝卜素）和紫外吸收物质（UVACs）的
含量，导致珊瑚共生藻的日平均释放速率提高了 10－20%（95%置信区间上
不显著）。有 UV 和无 UV 辐射处理间的日变化模式相似，即正午时共生藻
的释放达到最高峰，但 UV-B（280－315 nm）的存在使得这一高峰期提前了
1 小时。   
2. 不同种类的珊瑚幼体对 UV 辐射的响应不同。与分布较深的浅杯排孔珊瑚相
比，分布较浅的鹿角杯形珊瑚的浮浪幼体，对 UV 辐射的敏感性高，幼体内
共生藻光合作用受抑制的程度也较大。在 UV 辐射的作用下，鹿角杯形珊瑚
幼体共生藻的净光合速率下降了 75－85%，其叶绿素 a 和 UVAC 含量与温
度变化的相关性大。UV-A（315－400 nm）显著抑制了鹿角杯形珊瑚幼体的
发育，其对幼体的成活率、变态率与附着率的抑制率达 22－25%。浅杯排孔
珊瑚幼体内的共生藻平均密度，受 UV 辐射的影响，反而升高。UV-A 辐射
促进了共生藻的有效光化学效率，而 UV-B 可抵消 UV-A 的促进作用；UV-A
降低了该珊瑚幼体的变态速率。   
3. 海水 pCO2 升高和昼降夜升（460－1000 μatm）都使得共生藻对无机碳的浓缩
能力（CCMs）发生了上调，但二者间有着不同的上调模式。pCO2的增加促
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进了共生藻细胞的比生长速率，降低了细胞内叶绿素 a和类胡萝卜素的含量。
同时，共生藻 PSII 的有效光化学截面积减小了，且 QA 的周转时间延长了，
表观光能利用效率降低了；然而，其单位叶绿素 a 的光合放氧速率和呼吸速
率分别提高了 49%和 41%；单位细胞的光合与呼吸速率均未受到影响。此外，
pCO2 的增加使得 Km(DIC)的值降低了 63%，而 Km(CO2)稳定在 3.0－3.4 μmol 
L-1，提高了细胞对 HCO3-的亲和力。pCO2 的昼降夜升降低了细胞内类胡萝卜
素的含量。与 pCO2 的增加类似，pCO2 的昼降夜升使得 PSII 的有效光化学截
面积减小，并延长了 QA的周转时间，但 PSII 的有效光化学效率提高了 27%，
非光化学淬灭下降了 34%，虽然如此，其光合放氧速率并未提高，且呼吸速
率要明显低于高 CO2 处理（19%）。此外，pCO2 的昼降夜升使得胞内碳库增
大了近一倍。 
4. pCO2 升高与 UV 辐射对共生藻有拮抗作用。在 UV 辐射处理下，共生藻细胞
的捕光色素含量下降，而 pCO2 的增加使得其含量明显增加。同时，UV 辐射
促使共生藻细胞Km(DIC)增加了43－62%，Km(CO2)也相应提高了43－64%，
降低了细胞对无机碳的亲和力，而 pCO2的增加造成细胞Km(DIC) 和 Km(CO2)
都下降了 27－50%，即 CCMs 显著上调。同时，细胞的呼吸速率在二者的拮
抗作用下，分别下降了 22－39%（LC：低 CO2 处理）与增加了 33－36%（HC：
高 CO2 处理）。此外，在 UV 辐射下，HC 细胞对 UV-A 损伤的修复速率要明
显高于 LC 细胞，但在培养光强下，LC 细胞对 UV-A 损伤的恢复速率要比
HC 细胞快了 33%。UV-A 对细胞的表观光能效率、最大电子传递速率和光饱
和参数具有抑制作用，而 UV-B 的存在抵消了这一作用，pCO2 的增加使得细
胞对 UV 的敏感性降低，缓解了紫外辐射的效应。  
总之，UV 辐射，虽然对珊瑚共生藻的释放没有显著影响，但会抑制幼体的
变态与附着过程，并抑制共生藻的光合作用。pCO2 的增加与昼降夜升都会提高
共生藻对无机碳的利用能力，但在昼降夜升下光合或生长速率并未增加，说明
CO2 的扰动导致共生藻能耗增加。UV 辐射和 pCO2 升高产生了拮抗效应，高 CO2
下，细胞对 UV 的敏感性下降。然而，原位复杂环境下，分布不同海域、不同深
度的珊瑚及共生藻，经受阳光 UV 辐射的程度不同，对 CO2 升高的响应，会存在
较大的区域性差别。  
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Abstract 
Rising atmospheric carbon dioxide (CO2) is causing ocean acidification and ocean 
warming, with reduced amount of colored dissolved organic matter in the water. 
Ultimately, the coral reef water may become clearer and the transmission of ultraviolet 
radiation (UVR, 280-400 nm) into the oceans would be enhanced, which would affect 
various biological processes in shallow coral reef ecosystem. On the other hand, ocean 
acidification and the fluctuation in pH/pCO2 may also influence the symbiosis between 
coral and the dinoflagellate Symbiodinium. In this study, the release rate of 
Symbiodinium from the coral Pocillopora damicornis was studied under UVR stress. 
Moreover, the responses of the planula larvae of P. damicornis, as well as that of 
Seriatopora caliendrum, to UV radiation were investigated, and the effects of UVR on 
the symbiotic algae within the larvae were examined. In addition, by adjusting pCO2 
fluctuating regimes (constant versus oscillatory), the effects of high pCO2 and diel 
variation in pCO2 on the physiological performance of Symbiodinium CCMP2556 were 
studied, and the combined effects of elevated CO2 and UVR were also examined. The 
main results are as follows:   
1. Solar radiation modulated the diurnal release pattern of Symbiodinium from the 
coral P. damicornis. The UVR exposure significantly reduced the content of chl a 
and carotenoids per surface area in the coral branch, as well as that of the UV-
absorbing compound (UVAC) at the end of experiment. The release rate was higher 
in the exposure to UVR by ~10-20%, but this increment was not significant at the 
95% confidence level. The diurnal release pattern of Symbiodinium with or without 
UVR were similar, i.e. the release rate peaked at noon (11:00-13:00), while the 
time was advanced for an hour when exposed to UV-A (315-400 nm) and UV-B 
(280-315 nm).   
2.  The larvae of two coral species responded differently to UVR stress, with larvae of 
P. damicornis from shallower water being more sensitive to UVR exposure than S. 
caliendrum from deeper water, so as the inhibition to the photosynthesis of 
Symbiodinium in the larvae. UVR stress decreased net photosynthetic rate of 
endosymbiotic alga in P. damicornis larvae by 75-85%. There was a positive 
relationship between significance of differences in chl a and temperature, which 
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also occurred between the concentration of UV absorbing compounds and 
temperature. The development of P. damicornis larvae was severely inhibited by 
UV-A, with the inhibition rate of survivorship, metamorphosis and settlement 
ranging around 22-25%. The density of Symbiodinium in S. caliendrum larvae 
exposed to UVR was obviously higher than the control. The effective 
photochemical efficiency (Fv’/Fm’) of Symbiodinium in S. caliendrum larvae was 
stimulated by UV-A, but the stimulation was offset by UV-B. UV-A obviously 
delayed the metamorphosis and settlement of S. caliendrum larvae.    
3.  Increased pCO2 and day-night fluctuation of pCO2 up-regulated the carbon 
concentrating mechanisms (CCMs) of Symbiodinium (CCMP2556). After 
acclimation to high pCO2 environment for over 15 generations, the Symbiodinium 
showed significant higher growth rate, while the content of chl a and carotenoids 
per cell decreased. At the same time, the functional absorption cross-section of PSII 
(Sigma(II)440) and the apparent photosynthetic efficiency (α) derived from light 
curve in 440 nm decreased, with the increase of time constant of QA turnover (τ). 
The photosynthetic oxygen evolution and respiration rates per chl a were enhanced 
by 49% and 41%, respectively, whereas both rates normalized to per cell were 
unchanged. In view of the carbon utilization, increasing pCO2 significantly 
decreased the half-saturation concentration for DIC (Km(DIC)) by 63%, while the 
Km(CO2) stabilized at 3.0 to 3.4 μmol L-1, and the affinity to HCO3- was thus 
enhanced. Variable pCO2 (oscillating between 460/1000 μatm) caused the evident 
decrease of cellular carotenoids content, being similar with the effects of increasing 
pCO2, Sigma(II)440 decreased and τ increased, while the effective quantum yield of 
PSII (Fv’/Fm’) increased by 27% and non-photochemical quenching (NPQ) 
lowered by 34%. Moreover, the respiration rate of Symbiodinium was lower by 19% 
under diurnal fluctuating pCO2, compared to that of the algae under increasing 
pCO2 treatment. In face of variation of pCO2, Symbiodinium up-regulated the 
CCMs by nearly doubling the internal carbon pool, without altering the carbon 
affinity.   
4.  An antagonistic effect occurred when elevated CO2 was combined with UVR. 
Exposure to UVR reduced the cellular contents of chl a and chl c, but the inhibition 
was reversed when combined with increased pCO2. In addition, upon UVR 
exposure, Km(DIC) and Km(CO2) of Symbiodinium increased by 43-62% and 43-
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